Abstract. Radiation-resistant acute promyelocytic leukemia (APL) cells present challenges to treatment, and the acquisition of resistance to ionizing radiation (IR) is a matter of clinical concern. However, little information is available on the behavior of radio-resistant APL in terms of gene expression profiles and intercellular communication. In this study, cDNA microarray and RT-PCR were used to analyze the intracellular genetic network and extracellular vesicles (EVs), respectively, in the established radio-resistant HL60 (Res-HL60) cell line. Significant changes in the expression of 7,309 known mRNAs were observed in Res-HL60 relative to control. In addition, 7 mRNAs were determined as targets because significant changes in the expression were observed using Ingenuity analysis software, confirming the quantitative RT-PCR. However, EVs from Res-HL60 cells did not include these target molecules. These results suggest that radio-resistant APL is regulated by the expression and suppression of specific molecules, and these molecules are not transferred between cells by EVs.
Introduction
Acute leukemia treatment mainly comprises full myelo-ablation, including leukemic cells, via chemotherapy and/or total body irradiation; subsequent hematopoietic stem cell transplantation is performed to reconstruct the hematopoietic system (1-3). However, although rare, repeated exposure to ionizing radiation (IR) can produce other leukemic cells and/or radio-resistant leukemic cells and thus presents an obstacle to treatment against treatment (4, 5) . Acute promyelocytic leukemia (APL) is a unique subtype of acute myeloid leukemia (AML), characterized by a block at the promyelocytic stage of hematopoiesis (6, 7) .
Our previous study demonstrated that a model of radiation-resistant APL (Res-HL60 cells) exhibited a high repair capacity with normally functioning ATM/ATR and DNA-dependent protein kinase (5) ; furthermore, these cells exhibit resistance to phorbol 12-myristate 13-acetate-induced monocyte differentiation (8) . However, little information is available regarding the behavior of radio-resistant APL in terms of gene expression profiles and intercellular communication. Our present study investigated the characteristic mRNA patterns in Res-HL60 and the transfer of related molecules between cells. Recently, attention has focused on extracellular vesicles (EVs; <200 nmφ), which transfer intracellular components and maintain intercellular communication (9) .
It is important to demonstrate clearly whether radio-resistant behavior is maintained independently or via intercellular communication when considering leukemic treatment strategies.
In this study, an mRNA expression analysis of both intracellular and EV material was performed to clarify the genetic network and target gene(s) in Res-HL60.
Materials and methods
Cell preparation and culture. The human APL cell line HL60 (Wt-HL60) was purchased from RIKEN BioResource Center (Tsukuba, Japan). The Res-HL60 cell line was established by subjecting Wt-HL60 to 4 Gy of X-irradiation/week for 4 weeks. Approximately 2% surviving fraction of wt-HL60 cells was shown following initial exposure of 4 Gy. Wt-HL60 and Res-HL60 were maintained in RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Japan Bioserum, Hiroshima, Japan) and 1% penicillin/streptomycin (Life Technologies) in a humidified atmosphere at 37˚C and 5% CO 2 .
Irradiation. X-ray irradiation (150 kVp, 20 mA with 0.5-mm aluminum and 0.3-mm copper filters) was performed using an Genetic network profiles associated with established resistance to ionizing radiation in acute promyelocytic leukemia cells and their extracellular vesicles X-ray generator (MBR-1520R-3; Hitachi Medical Co., Ltd., Tokyo, Japan), with a distance of 45 cm between the focus and target. The dose was monitored with a thimble ionization chamber placed next to the sample during irradiation. The dose rate was 1 Gy/min.
cDNA microarray analysis. To compare the mRNA expression profiles of Res-HL60 and Wt-HL60 cells, a two-color mRNA microarray method was performed. Total RNAs were extracted using an RNeasy isolation kit (Qiagen, Hilden, Germany). Total RNA quality was confirmed using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). mRNAs were labeled using Cy3 and Cy5 mono-reactive dyes (GE Healthcare, Buckinghamshire, UK). Labeling reactions were performed using 1 µg of total RNA and an Amino Allyl aRNA kit (Life Technologies). Microarray analyses were performed using a Toray mRNA microarray system (3D-Gene Scanner 3000 system; Toray, Tokyo, Japan).
EV isolation and RNA extraction. Cell culture media were centrifuged at 2,000 x g for 15 min and 4˚C to remove cell debris. The supernatants were then passed through a 0.22-µm filter. The filtrates were ultracentrifuged at 120,000 x g for 70 min and 4˚C on an Optima TLx Ultracentrifuge (Beckman Coulter, Brea, CA, USA) to collect EVs. Total RNA was extracted from EVs or cells using an ISOGEN II (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions.
Reverse transcription-polymerase chain reaction (RT-PCR).
To synthesize cDNAs from cells or eVs, high-capacity cDNA reverse transcriptase kits (Life Technologies) were used. The synthesized cDNAs were then subjected to PCR in a 15 µl reaction mixture containing 1X Power SYBR Green Master Mix (Life Technologies), 0.5 µM concentrations of the primer pairs described in Table I , and cDNA template. Primer pairs were designed from human-specific sequence regions. Therefore, potential bovine mRNA contamination in FBS was not detected. Quantitative PCR was performed using real-time PCR system (StepOne Plus; Life Technologies) under the following conditions: 10 min at 95˚C, followed by 40 cycles each of 95˚C for 15 sec, and 60˚C for 60 sec. GAPDH mRNA was used as an internal control. Cellular expression values and standard deviations were calculated by the comparative C t method, and values were normalized according to the values from Wt-HL60 cells, which were set at 1.0. PCR products derived from the mRNA of EVs were electrophoresed on 4% agarose gels. Detection of amplified fragments was achieved via ethidium bromide staining using a ChemiDoc xRS and Quantity One software (both from Bio-Rad).
Statistics. Statistical analysis was performed using the Origin software package (OriginLab ® Pro version 9.0; OriginLab Co., Northampton, MA, USA) and SPSS version 17.0 for Windows (IBM, Chicago, IL, USA). Statistical analysis of the cDNA microarray was performed using Ingenuity ® Pathway Analysis 
Results
Expression network of mRNA in human Res-HL60. In order to clarify the mRNA expression profile in Res-HL60 cells, a cDNA microarray analysis and Ingenuity ® statistical analysis were performed. Res-HL60 cells, which show resistance to radiation, were extracted from total RNAs at high quality and sufficient concentration (Fig. 1) . A total of 25 k target molecules were exported, and 7,309 known molecules were identified as significantly upregulated or downregulated in comparison to wild-type control cells (Wt-HL60) (Table II) . Of these molecules, 4,268 were uploaded to Ingenuity ® for functional analysis. According to the canonical pathway analysis of Res-HL60 by Ingenuity ® , significant changes were observed in the top 4 categories of 'protein ubiquitination pathway', 'nucleotide excision repair pathway', 'assembly of RNA polymerase II complex', and 'TCA cycle II' relative to Wt-HL60 [the-log(p-value) for each pathway was 8.6, 8.0, 4.3, and 4.0, respectively] ( Fig. 2A) . In addition, the 'protein ubiquitination pathway' category featured the greatest number of affected molecules (Fig. 2B) .
Based on the above information, a biofunctional analysis of the Ingenuity ® heat map revealed that the genetic categories of 'cancer', 'cell death and survival', 'cell cycle', 'small molecule biochemistry', 'cellular assembly', and 'organization and infection' correlated strongly in this order (Fig. 3A) . In addition, various molecules in the categories of 'cancer,' 'cell death and survival', were particularly observed in Res-HL60 relative to Wt-HL60 (Fig. 3B) .
Quantitative mRNA expression analysis. To identify the target mRNA(s) related to radio-resistance, a quantitative expression analysis of mRNAs in the top 4 categories (e.g., 'cell cycle', 'DNA replication', 'cell death and survival', and 'infection') was performed. As shown in Table III , Res-HL60 exhibited significantly increased expression of the cell cycle-related mRNAs SEPT11, MAD2L1, and CHFR (6.97-, 5.05-and 3.54-fold, respectively) and significantly decreased expression of MCPH1, VASP, and MXD1 (0.59-, 0.54-and 0.21-fold, respectively) relative to Wt-HL60. expression of the DNA replication-related mRNAs RNF2, SIRT1, and RNF4 was significantly higher (5.41-, 4.24-and 3.86-fold, respectively) and that of LIG1, TDRD7, and CCND1 significantly lower (0.55-, 0.53-and 0.15-fold, respectively) in Res-HL60 relative to Wt-HL60. Expression of the cell death and survival-related mRNAs COL4A2, KIT, and IGFBP7 was higher (35.2-, 24.7-and 23.2-fold, respectively) and that of PRG2, HPGD, and BPI significantly lower (0.06-, 0.05-and 0.04-fold, respectively) in Res-HL60 than in Wt-HL60. Expression of the infection-related mRNAs CSE1L, ITPKA, and GBAS was significantly higher (10.9-, 7.30-and 6.43-fold, respectively) and that of CRIPAK, EGR1, and TNF significantly lower (0.27-, 0.19-and 0.19-fold, respectively) in Res-HL60 than in Wt-HL60.
The reproducibility of these mRNA expression results was confirmed using real-time RT-PCR. Ten primers for verification of sufficient accuracy were prepared (Table I) . RT-PCR detected upregulation of SEPT11 and ITPKA and down- Prediction state of target gene from downstream molecules is shown as 'Activated' (>2.00 of z-score) or 'Inhibited' (<-2.00 of z-score). regulation of VASP, MXD1, CCND1, HPGD, and TNF (Fig. 4) . Therefore, similar expression patterns of these 7 mRNAs in Res-HL-60 were detected using both cDNA microarray and real-time RT-PCR.
Analysis of EVs in Res-HL60.
To clarify whether these mRNAs were expressed in EVs, a mode of intercellular communication, EVs from Res-HL60 were analyzed. As EVs released from cells can be detected and harvested from cell culture supernatants, fetal EVs (i.e., from FBS) in cell culture must be eliminated before collecting EVs derived from Res-HL60 cells in vitro. The cell viability in FBS-free media and media with EV-free-FBS was analyzed to determine the optimal condition of cell culture which performs normal cellular metabolism without fetal EVs. Compared to standard FBS media, Res-HL60 and Wt-HL60 fared similarly with EV-free FBS media; however, the viability of HL60 decreased to <20% by day 3 in FBS-free medium (Fig. 5) . In addition, the cell growth abilities of Res-HL-60 and Wt-HL60 cells in EV-free FBS media were similar to that in standard FBS media (Fig. 6) . Therefore, an analysis of mRNA expression in EVs from Res-HL60 was performed using cellular debris collected from cell culture supernatants on day 2. Five mRNAs, SEPT11, VASP, CCND1, HPGD and TNF, were detected in EVs from Wt-HL60; however, these molecules were not detected in EVs from Res-HL60 by either real-time RT-PCR or electropherogram (Fig. 7) .
Discussion
In the present study, an analysis of the intracellular genetic network and transference potency of radio-resistant specific mRNAs between intercellular communicating EVs was performed via quantitative RNA analysis. Significantly changes in the expression of 7,309 known mRNAs were observed in Res-HL60 cells relative to Wt-HL60 cells; in particular, changes in the expression of protein ubiquitination pathwayrelated molecules was observed in Res-HL60 (Fig. 2) . Protein ubiquitination, which serves as a cell signaling activator or suppressor in acute leukemia cells, maintaining DNA damage responses and tumorigenesis (10, 11) . Res-HL60 may regulate tumorigenesis to a greater extent than Wt-HL60. Generally, reactive oxygen species or free radicals produced by IR, such as X-rays and gamma-rays, are known to indirectly and/or directly induce DNA strand breaks and to exert various cytotoxic effects (12, 13) . Ai et al reported that ubiquitination of the cytokine receptor G-CSFR regulates myeloid cell survival and proliferation (14) . Therefore, activation of the protein ubiquitination system via radiation reiteration exposure may affect the potency of radiation protection. In the category of ubiquitination-related biofunction, gene expression in the categories of 'cell cycle', 'DNA replication/repair', and 'infection' were found to correlate closely with Res-HL60. Among the 7 reproducibly identified mRNAs, SEPT11 and VASP are necessary for developing microtubules and cytoskeleton structures and are related to the G2/M transition (15) (16) (17) . The Max protein, encoded by MXD1, activates the transcription factor myc to form a Myc-Max heterodimer and thus promotes cell proliferation and/or transformation (18, 19) . Therefore, our present data suggest that the behavior of cell cycle-related genes (up of SEPT11, down of VASP/MXD1) in Res-HL60 modify the intracellular environment, including cytoskeletal formation, whereas repeated exposure to IR suppresses Myc signaling. On the contrary, the downregulation of CCND1, which encodes cyclin D1 and affects DNA replication and cell proliferation, was an unexpected phenomenon (5, 8, 20) . Shimura et al recently reported that repeated exposure to low-dose fractionated radiation abrogates cell cycle-dependent cyclin D1 degradation via the constitutive activation of AkT survival signaling in normal human fibroblasts (21) . High-and low-dose radiation rates may induce different behaviors of some CCND1 gene regulators.
Xun et al reported that the rapid turnover of 15-PGDH, which is encoded by HPGD, in HL60 indicates that enzymatic activity depends on continued enzyme synthesis, which could be susceptible to hormone-and drug-controlled mechanisms. Upregulation of ITPKA, which promotes stem cell differentiation, and downregulation of TNF, which encodes a pro-inflammatory cytokine, were also observed (22) (23) (24) . Therefore, these regulatory mechanisms may indicate the mechanism underlying radio-resistant APL. Interestingly, none of our target molecules were transferred among Res-HL60 cells via EVs. Accordingly, radio-resistant regulation in APL may be restricted to an intracellular phenomenon and may affect other cells. Szabó et al reported that in leukemic cells, the transfer of EVs and stimulating cytokines through intercellular interactions differs from inflammatory processes (25) . It is necessary to confirm whether radio-resistant behavior can be countered by targeting the molecules identified in the present study. More precise approaches are required to elucidate the role of a genetic network in radio-resistant APL induced by exposure to repeated IR.
In conclusion, the specific phenomenon of radio-resistance acquisition is induced through changes of intracellular gene expression networks, but is not affected by the intercellular transfer of molecules.
